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3Introduction
Sarcopenia, defined as the presence of low muscle mass and 
low function (1), is prevalent in an estimated 5-13% of 60-70 
year olds and 11-50% of men and women over 80 years old 
and incurs considerable healthcare costs through its association 
with disability (2–4).  Low grip strength (men: <30kg; women: 
<20kg), a correlate of general muscle strength, has been 
proposed as a key indicator of sarcopenia and lower grip 
strength has also been independently associated with important 
health outcomes such as an increased risk of institutionalisation 
and death (5, 6).  Grip strength declines with age but within age 
groups considerable heterogeneity in function is evident (7). 
Therefore, understanding the determinants of grip strength is 
important if we are to understand the mechanisms that lead to 
poor muscle function in some older people and develop policies 
and interventions to optimise functional health in later life.
Obesity is a modifiable risk factor for poor health and is 
an attractive target for public health intervention due to its 
high population prevalence (8). Increasing adiposity has been 
proposed as a risk factor for sarcopenia and the relationship 
between adipose tissue and muscle is receiving increased 
scrutiny.  Body fat distribution is known to change with age, 
with a reduction in subcutaneous fat and an increase in central 
adiposity and ectopic fat, e.g., fat deposition in muscle.  Fatty 
infiltration of muscle is associated with reduced strength (9) 
but increasing central adiposity could also influence muscle 
function through increased levels of inflammation and insulin 
resistance (10).  
However, the association between adiposity and grip 
strength has been described differently by different authors. 
Total body fat mass was inversely associated with grip strength 
and muscle quality (grip strength/arm lean mass) in a cross-
sectional analysis of participants from the Health, Aging and 
Body Composition Study (11).  Low grip strength was also 
associated with a history of obesity (defined as body mass 
index >30kg/m2) in Finnish men and women and with increased 
central adiposity (measured using waist circumference) in a 
British cohort (12, 13).  However, obese women (body mass 
index >29kg/m2) in France did not differ from non-obese 
women in terms of hand grip or knee extension strength, with 
the exception of a sub-group of physically active older women. 
In these women, obesity was associated with stronger muscle 
strength (14).  A meta-analysis of data from several UK cohorts 
also showed increasing grip strength with increasing body 
mass index (BMI) in men, but no significant difference in grip 
strength across BMI categories in women (15).  Additionally, 
non-linear associations have been suggested (11).  
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The divergent conclusions reported to date reflect the 
challenging issues in the study of this association.  Firstly, 
the most commonly used marker of obesity is body mass 
index (BMI), a measure which incorporates both fat and fat-
free mass in its calculation.  Therefore, increases in BMI 
indicate increases in lean as well as fat mass (16), which are 
additionally highly correlated measures (17).  Co-variables 
used to account for lean mass in analyses differ between studies 
and may contribute to the inconsistency of results (12, 14, 
18).  Secondly, BMI does not indicate fat distribution.  It is 
important to consider fat distribution since the  properties 
of adipose tissue are not homogenous throughout the body 
and different associations of fat with health outcomes have 
been observed, based on the site of fat accumulation (19, 20). 
Centrally deposited adipose tissue is most closely associated 
with the metabolic consequences of obesity and increased 
waist circumference (WC) is a key criterion for identifying the 
metabolic syndrome (21).  
This report examines the cross-sectional associations of 
BMI and WC with grip strength in 8,441 men and women 
who were enrolled in the European Prospective Investigation 
of Cancer-Norfolk cohort study and attended the third health 
examination (2004-2011).  We focus on BMI and WC as the 
most widely available and clinically feasible measures of total 
and central adiposity and consider what each measure adds 




Men and women participating in the EPIC-Norfolk study 
were invited to attend a third health examination (3HC). 
The initial study design and details of the 3HC are reported 
elsewhere (22, 23).  In brief, 8 623 participants attended a 
central clinic in Norwich for a comprehensive health 
examination conducted by trained research nurses.  Of these, 
8 441 participants have complete data for grip strength, waist 
circumference and BMI (missing values: 150 grip strength, 20 
BMI, 20 waist circumference).  Older and female participants 
were more likely to have missing grip strength measurements 
(24).
Grip strength
Grip strength was measured using a Smedley dynamometer 
(Scandidact, Kvistgaard, Denmark) whilst the participant was 
standing with their forearm held out in front (25).  Participants 
were allowed two trials with each hand and the maximum 
strength achieved was used in analyses.  
Anthropometry 
Height was measured to the nearest 0.1cm using a 
stadiometer (Chasemores, UK) and weight to the nearest 
0.1kg using digital scales (Tanita, Middlesex, UK).  BMI was 
calculated by dividing weight in kilograms by height in metres 
squared.  
WC was measured to the nearest 0.1cm using a D-loop 
non-stretch fibreglass tape with the participant standing in a 
relaxed position.  The narrowest point between the ribs and iliac 
crest was taken as the waist.  If no natural waist was evident, 
measurement was made at the level of the umbilicus.  Two 
measurements were made for each participant and the average 
value used.     
Co-variables
At the 3HC participants completed a health and lifestyle 
questionnaire.  Participants were asked ‘Do you currently 
smoke cigarettes?’ and ‘If you have stopped smoking, how 
old were you when you gave up?’  Based on answers to these 
questions participants were categorised as current/ex-smokers 
or never smokers.  Participants were also asked ‘did you 
drink alcohol in the last week?’ and ‘If YES, during the last 
week how many of the following alcoholic drinks have you 
consumed?’  Participants were asked to enter the number of 
drinks of beer, cider, lager, wine, sherry and spirits consumed 
per day and this information was used to calculate alcohol 
intake in units/ week.  A four point index describing total 
physical activity level was derived from self-reported activity 
at work and during leisure-time.  This index has been validated 
against daily energy expenditure (26) and is predictive of future 
mortality (27).  
At baseline (1993-1997) participants were asked to describe 
their current occupation (or previous occupation if retired) and 
this information was used to assign participants into one of six 
occupational social classes: I ‘professional’; II ‘managerial’; 
III-non manual (NM) ‘skilled non-manual’; III-manual 
(M) ‘skilled manual’; IV ‘partly skilled or V ‘unskilled’. 
Participants were also asked ‘Has the doctor ever told you 
that you have any of the following?’ after which a number 
of medical complaints were listed including ‘heart attack 
(myocardial infarction)’, ‘stroke’ and ‘cancer’.  Participants 
ticked yes to indicate that they had suffered the condition.  This 
information was combined with that from a subsequent health 
questionnaire, administered at the second health examination 
(2HC,1998-2000), and incident data captured over the follow-
up period (through record linkage with hospital episode 
statistics) in order to estimate co-morbidity at the 3HC.  After 
excluding non-melanoma skin cancer, those who had ever 
suffered a heart attack, stroke or cancer were identified.  
Statistical Analyses
The 8,441 participants included in this study were divided 
into sex specific quartiles of BMI and participant characteristics 
were described using means (standard deviation), medians 
(interquartile range) and frequencies (%, number).
Data from men and women were analysed separately since 
muscle strength, body size and body shape differ markedly 
between sexes.  Within sex categories, maximum grip strength, 
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BMI and WC were normally distributed.  
The relationship between obesity and grip strength was first 
explored using linear regression and sex-specific quartiles of 
BMI as the adiposity measure.  All analyses were adjusted 
for height and age.  Height is an important non-modifiable 
determinant of grip strength due to its correlation to lean mass 
and representation of skeletal size (28).  Final models were 
also adjusted for smoking status, alcohol intake, physical 
activity level, occupational social class and co-morbidity. 
These potential confounding variables were identified a priori 
from the existing literature.  Using similar regression models, 
the association between grip strength and sex-specific quartiles 
of WC was also examined.  Regression coefficients represent 
the differences in grip strength in quartiles 2, 3 and 4 of the 
exposure variable compared to quartile 1.
Associations of grip strength with BMI were also explored 
using clinical categories of BMI based on the World Health 
Organisation (WHO) classification (underweight, normal 
weight, overweight, obese I, >obese II). This facilitated 
exploration of the association with grip strength at high levels 
of BMI (>30kg/m2), which were less well represented by 
the division of the cohort into sex-specific quartiles.  Due to 
the small numbers of underweight participants, those with a 
BMI <20kg/m2 (instead of <18.5kg/m2) were categorised as 
underweight (15).
Subsequently, the independent associations of BMI and WC 
with grip strength were considered.  To explore the shapes of 
any associations, age and height adjusted grip strength was 
explored by sex-specific tertile of WC after stratification of the 
cohort into sex-specific tertiles of BMI.  Then, the associations 
were quantified using linear regression.  Differences in 
grip strength per 10cm increase in WC and per 4.0kg/m2
increase in BMI were determined within tertiles of BMI and 
WC respectively and in all men and all women with mutual 
adjustment for BMI and WC, as well as other co-variables.  The 
standard deviations (sd) for BMI and WC were 3.6kg/m2 and 
9.8cm in men and 4.8kg/m2 and 12.0cm in women.  Therefore, 
differences in grip strength per 10cm increase in WC and 
per 4.0kg/m2 increase in BMI were evaluated, to facilitate 
comparisons between sexes.  
Although significant correlations are observed between WC 
and BMI (Pearson r=0.86 [p<0.001] in men and women) it is 
logical to include these measures in the same model, since BMI 
indicates total adiposity whereas WC indicates central obesity 
and individuals with similar BMI can vary greatly in body 
shape (Figure 1, Supplementary Data).    
Missing Data
Multivariable linear regression models included only those 
men and women with complete co-variable data.  163 men 
and 233 women had missing information (social class: 79; 
physical activity: 116; smoking: 55; alcohol intake: 322). 
These participants were older and tended to have lower grip 
strengths, although were not different in terms of BMI or WC 
from those with complete data (Table 1, Supplementary Data).  
Figure 1
Maximum grip strength* (kg) by World Health Organisation 
BMI category** in men (a) and women (b)
Mean maximum grip strength (kg) increases across underweight, normal and overweight 
groups and even obese participants are stronger than normal weight men and women. (Bars 
indicate 95% Confidence Intervals.)  * Maximum grip strength adjusted for age and height 
at the 3HC. **Underweight: <20kg/m2 (34men; 173women); normal weight: 20-24.9 kg/m2
(1 038men; 1 761women); overweight: 25-29.9 kg/m2 (2 049men; 1 789women); obese I: 
30-34.9 kg/m2 (570men; 658women); obese II/ III: >35kg/m2 (106men; 263 women)
Results
The characteristics of the 3 797 men and 4 644 women 
included in this study, aged 48-92 years old, are shown in Table 
1 by quartile of body mass index.  Mean BMI was 27.1 kg/m2
(sd 3.6 kg/m2) for men with participants ranging from 16.2-52.9 
kg/m2.  For women, mean BMI was 26.6 kg/m2 (sd 4.8 kg/m2) 
with participants ranging from 14.4-59.6 kg/m2.  Although a 
large range of BMI was observed in men and women, only 12 
(0.03%) men and 49 (1.1%) women had a BMI <18.5kg/m2. 
Additionally, extreme obesity was less well represented with 
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Table 1
Characteristics of men and women attending the 3HC of EPIC-Norfolk*
Variable              Quartiles of Body Mass Index (range, kg/m2)
Q1 Q2 Q3 Q4 P value
Men (n=3797) (<24.7) (24.7-26.7) (26.7-28.9) (>28.9)
Age, years 68.9 (8.3) 69.7 (8.0) 69.7 (8.0) 69.5 (8.1) 0.09
Height, cm 174.0 (6.8) 173.4 (6.6) 173.6 (6.4) 173.1 (6.8) 0.02
Weight, kg 69.8 (6.9) 77.5 (6.1) 83.8 (6.5) 95.4 (11.1) <0.001
BMI, kg/m2 23.0 (1.4) 25.7 (0.6) 27.8 (0.7) 31.8 (2.9) <0.001
Waist Circumference, cm 90.7 (5.8) 97.3 (4.9) 102.2 (5.0) 111.4 (8.1) <0.001
Grip strength, kg 38.0 (8.0) 38.8 (8.0) 39.5 (8.1) 40.1 (8.8) <0.001
Smoking status***, % (n)
  Never smoker 51.4 (488) 46.3 (440) 42.7 (406) 35.2 (334)
  Ever smoker 47.9 (455) 53.0 (503) 56.7 (538) 64.4 (612) <0.001
Physical activity***, % (n)
  Active 20.8 (197) 19.2 (182) 18.0 (171) 16.0 (152)
  Moderately active 19.8 (188) 18.9 (179) 18.8 (178) 16.1 (153)
  Moderately inactive 27.7 (263) 24.9 (236) 23.6 (224) 23.4 (222)
  Inactive 30.0 (285) 35.8 (340) 38.4 (364) 42.6 (405) <0.001
Social Class***,  % (n)
  I-III non-manual 65.5 (622) 65.6 (623) 62.0 (588) 63.6 (604)
  III manual-V 33.8 (321) 33.4 (317) 37.1 (352) 36.2 (344) 0.27
Prevalent MI, % (n) 4.7 (45) 5.6 (53) 4.7 (45) 7.6 (72) 0.02
Prevalent cancer, % (n) 9.8 (93) 8.4 (80) 10.9 (103) 8.6 (82) 0.24
Prevalent stroke, % (n) 2.5 (24) 2.8 (27) 3.2 (30) 4.2 (40) 0.18
Alcohol (units/ week)** 10 (2, 20) 11 (2, 24) 12 (4, 22) 9 (0, 22) 0.19
Q1 Q2 Q3 Q4
Women (n=4644) (<23.3) (23.3-25.8) (25.8-29.0) (>29.0)
Age, years 67.2 (8.3) 68.0 (8.0) 68.8 (8.0) 68.2 (7.6) <0.001
Height, cm 161.5 (6.2) 160.6 (6.1) 160.3 (6.2) 159.7 (6.2) <0.001
Weight, kg 56.2 (5.7) 63.5 (5.2) 70.3 (5.8) 84.3 (11.7) <0.001
BMI, kg/m2 21.5 (1.5) 24.6 (0.7) 27.3 (0.9) 33.0 (3.9) <0.001
Waist Circumference, cm 77.7 (6.5) 85.3 (6.1) 92.1 (6.4) 103.4 (9.7) <0.001
Grip strength, kg 24.1 (5.4) 24.2 (5.4) 24.4 (5.5) 24.7 (5.8) 0.04
Smoking status***, % (n)
  Never smoker 65.7 (763) 66.6 (773) 67.1 (779) 60.2 (699)
  Ever smoker 33.6 (390) 32.1 (373) 32.6 (379) 39.1 (454) 0.001
Physical activity***, % (n)
  Active 20.0 (197) 13.9 (161) 12.4 (144) 11.3 (132)
  Moderately active 20.1 (233) 15.6 (181) 16.9 (196) 14.5 (168)
  Moderately inactive 30.1 (350) 35.2 (409) 32.9 (383) 29.0 (337)
  Inactive 31.6 (367) 36.9 (428) 36.9 (428) 44.1 (512) <0.001
Social Class***,  % (n)
  I-III non-manual 71.4 (829) 66.9 (777) 64.5 (749) 62.4 (725)
  III manual-V 27.6 (321) 31.7 (368) 34.5 (401) 36.3 (421) <0.001
Prevalent MI, % (n) 1.5 (17) 2.0 (23) 1.2 (14) 3.5 (41) <0.001
Prevalent cancer, % (n) 13.8 (160) 13.1 (152) 11.6 (135) 12.1 (140) 0.18
Prevalent stroke, % (n) 1.9 (22) 1.0 (12) 1.6 (18) 1.5 (17) 0.39
Alcohol (units/ week)** 6 (0, 13) 4.5 (0, 12) 4 (0, 12) 2 (0, 10) <0.001
*data are presented as means and standard deviations unless otherwise stated; ** Median (inter-quartile range); MI=myocardial infarction; kg: kilograms; m: metres; cm: centimetres; % 
(n): frequency(number); ***percentages may not add up to 100% due to missing data; 
106 (2.8%) men and 263 (5.7%) women recording a BMI >35 
kg/m2.
Grip strength increased across quartiles of BMI (Table 
2).  After multivariable adjustment, a difference of 2.70kg 
(95% CI 2.07, 3.33) was observed between the top and 
bottom BMI quartiles in men.  In women, this difference was 
1.46kg (95%CI 1.05, 1.86).  Grip strength also increased with 
increasing WC in both sexes although the association was weak 
and attenuated after multivariable adjustment.  
When BMI was classified according to WHO criteria (with 
modification of the underweight category), grip strength was 
lower in underweight men and women, increased through 
normal and overweight categories and then plateaued through 
obese BMI ranges (Figure 1).  There was a suggestion that grip 
strength declined in extremely obese women, although grip 
strength was still higher than ‘normal’ weight individuals.  
Although no strong associations were seen with WC in 
initial analyses (Table 2), within tertiles of BMI grip strength 
decreased with increasing WC.  Additionally, the previously 
characterised association between higher BMI and stronger grip 
strength was preserved so that men and women with similar 
WC but higher BMI were stronger (Figure 2, Table 3).  Overall, 
for every 10cm increase in waist circumference grip strength 
decreased by 3.56kg (95%CI 3.04, 4.08) in men and 1.00kg 
(95%CI 0.74, 1.24) in women, after adjustment for BMI and 
other co-variables.  For every 4.0kg/m2 increase in BMI grip 
strength increased by 4.38kg (95%CI 3.84, 4.93) in men and 
1.26kg (95%CI 1.02, 1.53) in women, after adjustment for WC 
and other co-variables (Table 3).  
Results were similar if the cohort was stratified by the 
presence of co-morbidity.  In 3 060 men and  3 749 women 
who had not suffered a heart attack, stroke or cancer, grip 
strength decreased by 3.60kg (95%CI 3.01, 4.18) and 
0.98kg (95%CI 0.72, 1.26) for every 10cm increase in WC 
and increased by 4.43kg (95%CI 3.82, 5.04) and 1.25kg 
(95%CI 0.96, 1.52) for every 4.0kg/m2 increase in BMI after 
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Table 2
Difference in maximum grip strength (kg) over quartiles (Q) of body mass index (BMI) and waist circumference (WC) in men and 
women attending the 3HC of EPIC-Norfolk
Regression Coefficient (95% Confidence Interval)
Obesity Indicator Adjusted for Age Adjusted for Age & Height Multivariable Model**
Men*
BMI (n=3634)
     Q1 0 0 0
     Q2 1.27 (0.63,1.91) 1.39 (0.77,2.01) 1.42 (0.80,2.05)
     Q3 1.90 (1.26,2.55) 1.98 (1.36,2.61) 2.03 (1.41,2.66)
     Q4 2.36 (1.72,3.01) 2.57 (1.95,3.20) 2.70 (2.07,3.33)
P trend <0.001
WC (n=3634)
     Q1 0 0 0
     Q2 0.79 (0.14, 1.44) 0.55 (-0.09, 1.18) 0.60 (-0.04, 1.23)
     Q3 1.21 (0.56, 1.86) 0.58 (-0.06, 1.23) 0.66 (0.01, 1.30)




     Q1 0 0 0
     Q2 0.42 (0.01,0.84) 0.58 (0.18,0.99) 0.62 (0.22,1.02)
     Q3 0.86 (0.45,1.28) 1.03 (0.63,1.43) 1.08 (0.69,1.48)
     Q4 0.97 (0.56,1.38) 1.31 (0.90,1.71) 1.46 (1.05,1.86)
P trend <0.001
WC (n=4411)
     Q1 0 0 0
     Q2 0.28 (-0.14, 0.70) 0.19 (-0.22, 0.59) 0.23 (-0.17, 0.64)
     Q3 0.55 (0.13, 0.96) 0.35 (-0.05, 0.76) 0.42 (0.02, 0.83)
     Q4 0.45 (0.03, 0.86) 0.22 (-0.18, 0.63) 0.37 (-0.04, 0.78)
P trend 0.05
*only participants with complete data for all co-variables are included in analyses; **adjusted for age at 3HC, height, social class (I, II, IIINM, IIIM, IV, V), physical activity level (active, 
moderately active, moderately inactive or inactive) , prevalent myocardial infarction (yes, no) prevalent stroke (yes, no) prevalent cancer (yes, no), smoking status (current/former, never), 
alcohol intake (units per week); n: number;  Waist Circumference quartiles- men:<94cm, 94-99.5cm, 99.5-106cm, >106cm; women: <81cm, 81-88.5cm, 88.5-97cm,  >97cm
multivariable adjustment.  In the 574 men and 662 women 
included in multivariable models who had suffered a co-morbid 
event, grip strength decreased by 3.42kg (95%CI 2.25, 4.58) 
and 0.98kg (95%CI 0.36, 1.60) for every 10cm increase in 
WC and increased by 4.15kg (95%CI 2.92, 5.39) and 1.31kg 
(95%CI 0.68, 1.94) for every 4.0kg/m2 increase in BMI.
Discussion
Obesity is a known risk factor for poor health and sarcopenia 
is a significant cause of morbidity in later life.  However, 
relationships between BMI and grip strength, a key indicator 
of sarcopenia, have been inconsistently reported.  Furthermore, 
few studies have examined associations with other markers of 
obesity such as waist circumference.
We observed an increase in grip strength with increasing 
BMI in cross-sectional analyses of men and women attending 
the 3HC of EPIC-Norfolk.  This relationship was robust over 
the normal and overweight ranges of BMI but plateaued at 
more obese levels, although obese participants were still 
stronger than normal weight individuals.  However, BMI may 
not be the most appropriate marker of obesity in this context 
since it incorporates lean mass in its calculation, a determinant 
of muscle strength, and it is difficult to account for variations in 
lean mass in analyses.  We adjusted analyses for height, since 
height is a correlate of lean mass and skeletal size is a strong 
determinant of grip strength (28).  Although this was probably 
inadequate, others who have adjusted analyses for weight 
encounter problems with over-adjustment (29). 
Additionally, BMI does not indicate body shape and 
different associations with health endpoints have been observed 
depending on the site of fat accumulation.  Increased abdominal 
fat has been most closely associated with health outcomes such 
as the metabolic syndrome, cardiovascular disease and death 
(19, 21).  Therefore, we considered the association of WC 
with grip strength and observed that within tertiles of BMI, 
grip strength decreased with increasing waist circumference. 
This concurs with previous observations (13,15) but was 
only evident after accounting for BMI suggesting reverse 
confounding.  Furthermore, when WC and BMI were included 
in the same linear regression model the positive association 
of grip strength with BMI strengthened.  Therefore, when 
included together, BMI appeared to represent the differences 
in body size and composition associated with stronger grip 
strength, such as increases in lean mass, and WC differences 
associated with weaker strength, such as central obesity. 
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Table 3
Differences in maximum grip strength (kg) associated with a standard deviation increase in waist circumference (WC, 10cm) or 
body mass index (BMI, 4.0kg/m2) in the whole cohort and within tertiles of BMI and WC respectively
Regression Coefficient (95% Confidence Interval)
Obesity Indicator N Adjusted for Age & Height P value Multivariable Model** P value
Men
WC (10cm)
  BMI T1 1265 -0.46 (-1.12, 0.20) 0.17 -
  BMI T2 1266 -2.96 (-3.78, -2.14) <0.001 -
  BMI T3 1266 -1.11 (-1.61, -0.61) <0.001 -
  ALL* 3634 -3.65 (-4.17, -3.13) <0.001 -3.56 (-4.08, -3.04) <0.001
BMI (4.0kg/m2)
  WC T1 1261 3.91 (3.20, 4.64) <0.001 -
  WC T3 1267 4.00 (3.16, 4.86) <0.001 -
  WC T3 1269 1.18 (0.68, 1.68) <0.001 -
  ALL* 3634 4.44 (3.90, 4.99) <0.001 4.38 (3.84, 4.93) <0.001
Women
WC (10cm)
  BMI T1 1548 -0.46 (-0.82, -0.10) 0.01 -
  BMI T2 1548 -0.81 (-1.20, -0.41) <0.001 -
  BMI T3 1548 -0.48 (-0.74, -0.22) <0.001 -
  ALL* 4411 -1.02 (-1.27, -0.77) <0.001 -1.00 (-1.24, -0.74) <0.001
BMI (4.0kg/m2)
  WC T1 1525 1.06 (0.65, 1.46) <0.001 -
  WC T2 1569 1.23 (0.80, 1.65) <0.001 -
  WC T3 1550 0.36 (0.14, 0.59) 0.002 -
  ALL* 4411 1.24 (0.99, 1.49) <0.001 1.26 (1.02, 1.53) <0.001
Participants are stratified by sex and tertile (T) of BMI and WC; ** adjusted for age at 3HC, height, body mass index or waist circumference, social class (I, II, IIINM, IIIM, IV, V), 
physical activity level (active, moderately active, moderately inactive or inactive), prevalent myocardial infarction (yes, no) prevalent stroke (yes, no) prevalent cancer (yes, no), smoking 
status (current/ former, never), alcohol intake (units per week).; *only participants with complete data for all co-variables are included in analyses and analyses adjusted for age and height 
were also adjusted for either BMI or WC, as appropriate.
Associations were unchanged after stratification of the cohort 
by the presence of major co-morbidity and effect sizes were 
clinically relevant, since just a 1kg increase in grip strength is 
associated with a 3% reduction in mortality (6).  
Figure 2
Maximum grip strength* (kg) by tertile of BMI and WC in men 
(a) and women (b) 
Maximum grip strength increases with increasing BMI.  However, when BMI is held 
constant higher waist circumference is associated with lower grip strength. (Bars indicate 
95% Confidence Intervals.)  * Maximum grip strength adjusted for age and height at the 
3HC. Body mass index (BMI) Tertiles (T)- Men: <25.4kg/m2; 25.4-28.1kg/m2; >28.1 kg/
m2; Women: <24.2 kg/m2; 24.2-27.7 kg/m2; >27.7 kg/m2; Waist Circumference (WC) 
Tertiles (T)- Men: <96.1cm; 96.1-103.7cm; >103.7cm; Women: <83.5cm; 83.5-93.8cm; 
>93.8cm
Although our study cannot establish causality, the positive 
association between BMI and grip strength is consistent 
with reports that in older people overly restrictive diets 
are not advantageous (30), higher BMI is associated with 
lower mortality (31) and that chronic undernutrition plays an 
important role in the pathophysiology of sarcopenia and frailty 
(32, 33).  In addition, it is plausible that increasing central 
obesity could negatively influence muscle strength.  Abdominal 
fat secretes cytokines and hormones (adipokines) such as 
TNF-α, IL-6, adiponectin, leptin and resistin. Adipokines are 
important for immune-modulation, inflammatory responses, 
energy balance and fatty acid and glucose metabolism, all of 
which suffer dysregulation with increasing abdominal obesity. 
Observational studies have shown associations between both 
inflammation and increased fasting plasma glucose and low 
muscle strength (13, 34, 35). Additionally, molecular and 
physiological studies have demonstrated receptors to leptin 
and adiponectin on skeletal muscle cells and shown that their 
activation promotes fatty acid oxidation, decreases fatty acid 
deposition and increases the insulin sensitivity of muscle tissue 
(36).  In obese individuals, skeletal muscle appears to develop 
resistance to leptin and adiponectin and circulating levels of 
adiponectin additionally decline (37).  These effects increase 
skeletal muscle insulin resistance, an important factor in the 
development of type II diabetes, and demonstrate the close link 
between the metabolic functions of central adipose tissue and 
skeletal muscle.  Considering adiponectin, leptin and resistin 
concentrations have also been associated with muscle strength 
(38) it is plausible that with central obesity and changes in the 
metabolic function of skeletal muscle, its mechanical function 
also changes.
We examined men and women separately and, although 
there was no difference in the direction of associations, 
differences in grip strength with increasing BMI or WC were 
three to four times larger in men compared to women which 
cannot be fully explained by the greater absolute strength of 
men.  Greater variation in muscle mass amongst men may 
contribute to the larger differences in grip strength by BMI 
category, but the smaller differences in grip strength with 
increasing WC in women are difficult to explain.  Differences 
in the levels of adipokines in men compared to women have 
been reported, along with differential associations with muscle 
parameters (38).  However, much remains to be elucidated 
regarding the interplay of adipokines, inflammatory mediators 
and traditional endocrine factors such as levels of anabolic 
hormones.  
We should consider the limitations of our study.  We cannot 
be certain that the associations observed were not due to 
residual confounding.  Socioeconomic factors or aspects of 
physical activity not captured by our co-variable measurements 
could be important.  Additionally, all results are cross-
sectional and although we have postulated that obesity and 
impaired metabolic function of muscle could lead to impaired 
mechanical function, it could also be true that low mechanical 
activity could promote undesirable metabolic consequences 
and obesity (39). Further work using longitudinal measures 
of adiposity and muscle strength are needed and longitudinal 
studies should specifically measure central obesity.
There is also likely to be a ‘healthy volunteer’ effect 
and consistent with this we had few participants who were 
underweight or at the extreme of obesity.  Therefore, our 
conclusions are valid within the range of BMI and WC present 
in our study but we cannot generalise our findings to the whole 
population. 
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The strengths of this study include the large sample size 
and the measurement of different markers of ‘obesity’. 
Additionally, men and women could be examined separately 
and the cohort has been well characterised using validated 
measurement techniques allowing for control of important 
potential confounding factors. 
In conclusion, the two most commonly used clinical 
measures of obesity: body mass index, a weight related 
measure of total adiposity, and waist circumference, a central 
adiposity measure, show different directions of association with 
grip strength.   We have found that grip strength increases with 
increasing BMI and can conclude that low BMI is associated 
with low muscle strength.  However, BMI represents both 
lean and fat mass and does not indicate fat distribution.   In 
contrast, waist circumference is a reliable marker of central 
fat accumulation and we found that high waist circumference 
was associated with lower grip strength, after adjustment for 
BMI.  This provides clues to the aetiological mechanisms 
driving the decline in muscle strength with age and supports 
recommendations to measure central obesity in clinical 
practice, especially when BMI is below ‘obese’ ranges.
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